Bile acids (BA) are endogenous agents capable of causing cancer throughout the gastrointestinal (GI) tract. To uncover the mechanism by which BAs exert carcinogenic effects, both human liver and colon cancer cells as well as mouse primary hepatocytes were treated with BAs and assayed for viability, genotoxic stress, and transcriptional response. BAs induced both Nur77 (NR4A1) and proinflammatory gene expression. The intracellular location of BAinduced Nur77 was time dependent; short-term (1-3 hours) exposure induced nuclear Nur77, whereas longer (1-2 days) exposure also increased cytosolic Nur77 expression and apoptosis. Inhibiting Nur77 nuclear export with leptomycin B decreased lithocholic acid (LCA)-induced apoptosis. Extended (7 days) treatment with BA generated resistance to BA with increased nuclear Nur77, viability, and mobility. While, knockdown of Nur77 in BA-resistant cells increased cellular susceptibility to LCA-induced apoptosis. Moreover, in vivo mouse xenograft experiments demonstrated that BAresistant cells form larger tumors with elevated Nur77 expression compared with parental controls. DNA-binding and gene expression assays identified multiple survival genes (CDK4, CCND2, MAP4K5, STAT5A, and RBBP8) and a proapoptosis gene (BID) as Nur77 targets. Consistently, BA-induced upregulation of the aforementioned genes was abrogated by a lack of Nur77. Importantly, Nur77 was overexpressed in high percentage of human colon and liver cancer specimens, and the intracellular location of Nur77 correlated with elevated serum total BA levels in patients with colon cancer. These data show for the first time that BAs via Nur77 have a dual role in modulating cell survival and death.
Introduction
Bile acids (BAs) are synthesized and conjugated in the liver through cholesterol catabolism. Conjugation of BAs increases their solubility, prevents their translocation across the intestinal epithelial barrier to damage tissue, and allows them to maintain the health of the gastrointestinal (GI) tract as primary agents of lipid absorption. The detrimental effects of BAs over a lifetime of exposure vary depending on their solubility, conjugation status, and bioreactivity. Without the BA receptor farnesoid x receptor (FXR) regulation, chronic exposure to high concentrations of hydrophobic BAs can have carcinogenic consequences throughout the GI tract (1, 2) . Deoxycholic acid (DCA) and lithocholic acid (LCA) are the most potent BAs associated to GI carcinogenesis (2, 3) . Dysregulated BA homeostasis is considered a common etiological factor for fat, viral, chemical, and immune-associated GI disease in the following contexts: (i) Obesity: elevated BA pool size was observed in obese individuals with type II diabetes who carry increased liver and colon cancer risk (3) .
(ii) Viral infections: BAs promoted hepatitis C virus (HCV) replication and hepatitis B virus (HBV) gene expression during viral hepatitis pathogenesis (4) (5) (6) . (iii) Chemical carcinogenesis: ethanol increases the synthesis of toxic Bas, whereas aflatoxin B1 induces cholestasis when excreted into bile (7, 8) . (iv) Immunity: BAs can also modulate inflammation and innate immunity in the gut-liver axis (9) . All aforementioned diseases are associated with an elevated risk of GI cancer. Thus, it is critical to understand how BAs cause GI injury and promote carcinogenesis. Previous studies have implicated BAs in eliciting oxidative stress, DNA damage, and excessive inflammation (10) . However, the mechanism accounting for GI carcinogenesis remains to be elucidated. The current study examines the effect of DCA and LCA in injuring and promoting compensatory proliferation in cells derived from the gut-liver axis, i.e., liver and colon, where BAs typically reside.
Orphan nuclear receptor Nur77 has a dual role in regulating cell survival or death depending on its intracellular location (11) . The opposing effects of nuclear and cytosolic Nur77 in controlling cell fate have been established (11, 12) . Nur77 and b-catenin crosstalk has been implicated in cancer formation (13) . EGF and other mitogens rapidly and potently induce the expression of nuclear Nur77, which serves as a transcription factor to enhance cell survival (14) . The apoptotic effect of cytosolic Nur77 has also been studied using apoptosis inducers (15, 16) . In the cytosol, Nur77 unmasks the BH-3 domain of Bcl-2, converting Bcl-2 into a proapoptotic molecule (12) . Thus, the general consensus is that the opposing effects of nuclear and cytosolic Nur77 are chemical dependent (11, 17) . Because both Nur77 and BAs have a dual role in regulating apoptosis and proliferation, the current study tests the hypothesis that Nur77 mediates the effects of BAs.
Our data showed that hydrophobic DCA and LCA not only damaged DNA, but also increased the expression of proinflammatory genes in human liver and colon cancer cell lines as well as normal mouse primary hepatocytes (MPH). Both BAs effectively induced Nur77 expression with the intracellular location of Nur77 being time dependent. Moreover, cells resistant to BAinduced apoptosis exhibited Nur77 overexpression along with increased cell viability and mobility. Nur77 target genes identified in BA-treated cells included proliferative genes CDK4, CCND2, BRE, RBBP8, MAP4K5, and STAT5A and unexpectedly, an apoptosis gene BID. Thus, for the first time, Nur77-mediated cell apoptosis and proliferation are shown to be regulated by BAs in a time-dependent manner. Moreover, Nur77 overexpression was observed in high percentages of liver and colon cancers, implicating its significance in GI carcinogenesis. Taken together, hydrophobic BAs may promote liver and colon carcinogenesis though regulation of Nur77.
Materials and Methods

Reagents
All reagents were from Sigma-Aldrich unless otherwise noted. DCA, LCA, chenodeoxycholic acid (CDCA), and cholic acid (CA) were dissolved in DMSO as 150 mmol/L or 20 mmol/L stocks. Leptomycin B (LMB) was dissolved in ethanol as 100 mg/mL stocks. 
Cell culture
Primary mouse hepatocyte isolation and culture
Following approved protocol from the Institutional Animal Care and Use Committee at University of California-Davis, wildtype (WT) and Nur77 knockout (Nur77 KO) male mice (3-5 month, C57BL/6 from The Jackson laboratory) were anesthetized and their livers perfused with Hank's balanced salt solution (HBSS), then HBSS with collagenase-A. Post isolation, 4 Â 10 4 hepatocytes were seeded in six-well plates precoated with type-1 collagen and cultured in William's E medium containing 20% FBS. After overnight incubation, hepatocytes were treated with 20 mmol/L LCA or 150 mmol/L DCA in 2% FBS medium.
Human specimens
Formalin-fixed, archived human colon tumor and adjacent nontumor specimens along with human liver tumor and normal specimens were obtained from the Second Affiliated Hospital of Guangzhou Medical University. Clinical data, i.e., patients' medical records, included total serum BA (TBA), total cholesterol (TC), and triglyceride (TG), etc. with approval from the ethical committees of Guangzhou Medical University.
RNA preparation and qRT-PCR
RNA was extracted with TRIzol Reagent (Invitrogen). cDNA was made using the High Capacity RNA-to-cDNA Kit (Applied Biosystems). qRT-PCR was done on ABI 7900HT Fast Real time PCR system using Power SYBR Green PCR Master Mix (Applied Biosystems).
Nur77 shRNA plasmid transfection
shRNA constructs in lentiviral GFP vector against Nur77 were obtained from OriGene Technologies. For transient transfection, R-HCT116 and R-Huh7 cells were transfected with shRNA plasmids (1 mg/1 Â 10 5 cells) using MegaTran 1.0 reagent (OriGene Technologies) according to the manufacturer's instruction.
MTT assay
Parental and BA-resistant HCT116 and Huh7 cells were seeded in 24-well plates and treated with DCA or LCA for 24 and 48 hours, respectively. Cells were stained with 3-(4,5-dimethylthiazol-2-l)-2,5-diphenyltetrazolium bromide (MTT, 0.05 mg/mL) and measured at 570 nm with Synergy HT multi-mode microplate reader (Biotek).
Wound healing assay
Parental and BA-resistant cells were cultured in 6-well plates. The 70% to 80% confluent monolayers were wounded in a line with a sterile 20-mL plastic pipette tip. After 24 hours, cell migration, indicated by wound closure, was evaluated by comparing the width of the remaining cell-free area with that of the initial wound via bright field microscopy.
Alkaline comet assay
HCT116, Huh7 cells, and mouse primary hepatocytes derived from WT and Nur77 KO mice were treated with DMSO, DCA, or LCA. Then, single cell gel electrophoresis was performed using the OxiSelect Comet Assay Kit (Cell Biolabs). Procedure was done in dim lighting to avoid UV-induced DNA damage. Fifty randomly selected cells were analyzed under fluorescence microscopy. The percent of cells exhibiting DNA damage as indicated by tail DNA content was quantified for each treatment compared with DMSO control.
Immunostaining and confocal microscopy
Human colon and liver tissue sections were immunostained with anti-Nur77 antibody (1:100; Santa Cruz Biotechnology) and counterstained with hematoxylin. Huh7 and HCT116 cells were grown on poly-L-lysine-coated, 1. Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling assay
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay was performed with In Situ Cell Death Detection Kit, TMR red (Roche) according to the manufacturer's instruction to monitor apoptosis in LCA-treated HCT116 and Huh7 cells. Nuclei were counterstained with 4 0 ,6-diamidino-2-phenylindole (DAPI; Invitrogen). The percentage of apoptotic cells in LCA-treated HCT116 and Huh7 cells was counted under fluorescence microscopy in at least 5 microscopic fields (40Â).
Western blotting
Protein lysates (30 mg) were subjected to polyacrylamide gel electrophoresis under reducing conditions. Proteins separated from gels were transferred onto PVDF membranes. The membranes were blocked with 4% BSA and incubated with primary antibody specific for Nur77 and b-actin (Santa Cruz Biotechnology). Membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies. The signal was detected using the ECL system SuperSignal West Pico Chemiluminescent Substrates (Pierce Protein Biology).
ChIP-qPCR
Chromatin immunoprecipitation (ChIP)-qPCR was performed as described previously (18) . Briefly, chromatin lysate was precleared before incubation with a ChIP-quality anti-Nur77 antibody (Abcam). Antibodies to IgG and RNA Polymerase II (Millipore) were used as negative and positive controls, respectively. Samples were incubated with Dynase beads at 4 C overnight followed by de-crosslinking and purification. DNA fragments generated (n ¼ 3) served as templates for qPCR using Power SYBR Green PCR Master Mix.
Subcutaneous nude mice tumor xenograft models
BALB/c nude mice (5-6 weeks old) were obtained from the Guangdong Animal Center. Mice were inoculated with parental or BA-resistant HCT116 cells (1 Â 10 6 cells per mouse) in the left flank and killed 5 weeks later. Tumor size was measured and tumor volume was calculated using a formula: volume ¼ W (width) 2 Â L (length)/2. All experimental protocols were approved by Animal Care and Use Committee of Guangzhou Medical University.
Statistical analysis
Data are presented as mean AE SD. The difference between the two groups was analyzed with the Student t test. P < 0.05 was considered statistically significant.
Results
Hydrophobic DCA and LCA induce Nur77, inflammatory genes, and DNA damage Human liver Huh7, Hep3B, and colon HCT116, HT29 cell lines were treated with DCA, LCA, CDCA, or CA (20 mmol/L) to determine whether BAs can induce Nur77 expression. All studied BAs induced Nur77 mRNA levels (2-15-fold induction, bar graphs not shown). LCA was the most potent Nur77 inducer for each studied cell line. DCA was able to increase Nur77 mRNA levels across all studied cell lines, whereas CDCA failed to induce Nur77 in HT29 cells. CA only modestly increased Nur77 by 2-fold in Huh7 and HCT116 cells. Thus, the inducibility of Nur77 mRNA levels by BAs correlates with their hydrophobicity, which is LCA>DCA>CDCA>CA (19) . Because of their effectiveness in inducing Nur77, DCA and LCA were used for subsequent studies in Huh7 and HCT116 cells. Because we hypothesized that BAs contribute to obesity-associated risks of GI cancer, we wanted to test BA concentrations found in obese patients. Therefore, the concentrations of 20 mmol/L for LCA and 150 mmol/L for DCA used were derived from fecal BA levels of individuals on a high-fat diet (20) . Gene expression data showed that DCA and LCA increased Nur77, TNFa, and NFkB mRNA levels. Consistently, Nur77 protein levels were also increased by BA treatment in HCT116 and Huh7 cells ( Fig. 1A and B ). DCA and LCA also upregulated the mRNA levels of c-FOS and c-JUN, upstream regulators of Nur77 ( Fig. 1A and B) . Moreover, DCA and LCA induced expression of DNA repair genes, including ATM, LIG4, and TP53 in Huh7 and HCT116 cells as well as in WT MPH, suggesting the presence of DNA damage which was confirmed by COMET assay ( Fig. 1C and D) . DCA-and LCA-treated HCT116 and Huh7 cells displayed significantly greater tail moments by 16 and 48 hours, respectively. Similarly, DCA-and LCA-treated WT and Nur77 KO MPH also demonstrated DNA damage, indicating BA-induced DNA damage was Nur77 independent. Taken together, DCA and LCA can damage DNA in both cancer and normal cells and potentially generate genomic instability.
Induction and intracellular location of Nur77 correlate with the opposing effects on apoptosis and survival exerted by BAs
Because the induction and intracellular location of Nur77 dictate cell death and survival, the role of BA-induced Nur77 was studied by immunofluorescence microscopy. The data revealed that similar to EGF, DCA and LCA effectively induced Nur77 protein levels. Nur77 induction occurred shortly (1-3 hours) after BA treatment in HCT116 cells; the induced Nur77 localized primarily in the nucleus while cleaved caspase 3 was undetectable ( Fig. 2A) . After prolonged treatment (6-24 hours), diffuse Nur77 staining was noted in both the nucleus and cytosol, coinciding with positive detection of cleaved caspase 3. DCA and LCA similarly induced Nur77 in Huh7 cells with Nur77 intracellular location coinciding with cell survival and death (Fig. 2B) . Consistent with cleaved caspase 3 staining data, TUNEL assay also showed extensive cell death after LCA treatment of HCT116 and Huh7 cells (Fig. 2C) . On the basis of treatment time and BA concentrations, there was an apparent difference in susceptibility between HCT116 and Huh7 cells to the apoptotic effect of DCA and LCA. HCT116 cells were more sensitive to BA-induced apoptosis. In addition, LCA was a more potent apoptotic agent than DCA. Intriguingly, after 24 hours of DCA and LCA treatment, there were several Huh7 cells that lacked cleaved caspase 3 and had increased nuclear Nur77, suggesting the presence of BAresistant cells (arrows, Fig. 2B ). In conclusion, DCA and LCA modulated both survival and apoptosis in GI tract-derived cell lines, and these opposing effects correlated with the induction and intracellular location of Nur77.
BA-resistant cells display increased viability and mobility as well as Nur77 overexpression
The potential role of Nur77 in BA-mediated carcinogenesis was studied by establishing BA-resistant cell lines. HCT116 and Huh7 cells were cultured under increasing concentrations of DCA and LCA over 7 days. Dead cells were removed daily, and BA-containing media were replaced with normal media at the end of treatment to leave behind resistant cells. MTT assay showed that BA-resistant cells grew faster than parental lines at baseline and in response to DCA and LCA (Fig. 3A) . Wound healing assay also revealed that BA-resistant cells migrated at least 2 times faster than parental counterparts (Fig. 3B) . Moreover, BA-resistant cells displayed higher basal levels of nuclear Nur77 compared with parental cells as shown by qRT-PCR, Western blot, and immunostaining ( Fig. 3C and D) . DCA and LCA treatment further induced nuclear Nur77 levels in BA-resistant cells, which lacked cleaved caspase 3 (Fig. 3C) . In contrast, identical treatment induced diffuse Nur77 throughout the entire cell as well as cleaved caspase 3 in parental Huh7 and HCT116 cells. Consistently, BAresistant cell lines had elevated c-FOS, c-JUN, CCND1, and CCND2 mRNA levels, suggesting that Nur77 overexpression promotes cell proliferation (Fig. 3D) . To study the proliferative effect of BA-resistant cells in vivo, parental and BA-resistant HCT116 cells were injected subcutaneously into the flank of nude mice. Five weeks after the injection, the volume of tumors generated from R-HCT116 cells was about three times larger than that of P-HCT116 cells. Western blot analysis demonstrated that R-HCT116-generated tumors had elevated Nur77 level (Fig. 3E) .
Nur77 expression and intracellular localization mediate BAinduced cell growth and apoptosis in HCT116 and Huh7
LMB, a specific inhibitor of protein nuclear export (21) , was used to determine whether Nur77 intracellular location has a role in BA-induced apoptosis. Inhibition of Nur77 nuclear export by LMB decreased LCA-induced cleaved caspase 3 activity in HCT116 Western blot shows Nur77 protein levels in P-and R-HCT116 and P-and RHuh7 cells. E, in vivo mouse xenograft study. Nude mice were injected with P-HCT116 or R-HCT116 cells and killed five weeks after the injection. Tumors size (left) and Nur77 protein level (right) were compared between the P and R-HCT116 cell-generated tumors. Ã , P < 0.05. and Huh7 cells, suggesting BA-induced apoptosis was dependent on Nur77 nuclear export (Fig. 4A) . Because R-HCT116 cells had increased Nur77 basal level and cell viability, BA-resistant cells can be a model of Nur77 overexpression. Knockdown (KD) of Nur77 was performed in R-HCT116 cells to determine whether Nur77 mediates BA-induced HCT116 cell growth and apoptosis. Nur77 KD increased the sensitivity of cells to DCA and LCAinduced cell death (Fig. 4B) . In addition, TUNEL assay showed increased apoptosis in LCA-treated R-HCT116 cells with Nur77 KD (Fig. 4C) . Thus, reduction of Nur77 levels sensitized R-HCT116 cells to BA-induced apoptosis.
Nuclear Nur77 modulates the expression of survival and death genes by binding to the Nur77 response element
As a transcription factor, nuclear Nur77 regulates cell viability by modulating gene expression; however, very little is known about Nur77 target genes. Genes containing the Nur77 response element (NBRE; 5 0 AAAGGTCA3 0 ) in their transcriptional regulatory regions with a role in cell viability, proliferation, or apoptosis were selected as potential Nur77 target genes (22) . Nur77 binding to the NBRE of those genes at baseline and in response to BA treatment was studied by ChIP-qPCR. The results showed that Nur77 bound the NBRE of CCND2, CDK4, BRE, RBBP8, STAT5A, MAP4K5, and BID genes in vehicle-treated Huh7 cells, whereas LCA treatment further increased the binding fold enrichment (Fig. 5A) . Consistently, the mRNA levels of these genes were induced by DCA and LCA in Huh7 cells (Fig. 5B) . To determine whether the regulation of those genes by BAs is Nur77 dependent, the effects of BAs in WT and Nur77 KO MPH were examined. BAs induced expression of Cdk4, Ccnd2, Bre, Rbbp8, Stat5a, Map4k5, and Bid genes in WT MPH, but such regulatory effect was completely abrogated in the absence of Nur77 (Fig. 5C ). Nur77 also bound the NBRE of potential target genes in vehicle-treated HCT116 cells, but LCA treatment only altered the binding fold enrichment for CCND2, CDK4, BRE, and BID genes (Fig. 5D) . Consistent with ChIP-qPCR binding data, BAs increased CCND2 and BRE mRNA levels. However, inconsistent with binding data, BAs induced BID but not CDK4 mRNA levels in HCT116 cells, indicating that Nur77 binding does not necessarily alter gene expression (Fig. 5E ).
Nur77 is overexpressed in human colon and liver cancers and Nur77 intracellular location correlates with serum total BA levels The expression of Nur77 was studied in human colon and liver cancers to determine the relevance of Nur77 in liver and colon carcinogenesis. Nur77 was overexpressed in 84% (59 of 70 cases) of (Fig. 6A) . On the basis of Nur77 intracellular location, colon tumor specimens were classified into three categories: (i) strong Nur77 staining in nucleus (SN, n ¼ 35), (ii) diffuse Nur77 staining in both nucleus and cytosol (D, n ¼ 25), and (iii) strong Nur77 staining in cytosol (SC, n ¼ 6) or negative Nur77 staining (Neg, n ¼ 4). The relationships between the intracellular distribution of Nur77 and clinical parameters were analyzed in patients with colon cancer. Because of availability of clinical data, each analysis had a different sample size. In comparison with the normal fasting value of serum total bile acid (TBA, 3.1 mmol/L), SN, D, and SC and Neg groups all had elevated TBA by 45%, 30%, and 6%, respectively. Serum TBA levels were significantly higher in SN than SC and Neg patients ( Fig. 6B; ref. 23 ). All patient groups had normal values for serum total triglyceride (TG, <1.7 mmol/L) and total cholesterol (TC, <5.2 mmol/L; ref. 24) . However, SN patients had statistically higher serum TG than SC and Neg patients. TC levels trended higher in SN and D than SC and Neg groups, but did not reach statistical significance (Fig. 6B ). Significant correlation was not established with other available clinical findings, which included serum glucose, total bilirubin, and high density lipoprotein (not shown). Nur77 levels were also studied in liver cancer specimens (n ¼ 39) and normal liver controls (n ¼ 7). The data showed that 95% of examined liver cancer specimens displayed elevated Nur77 protein levels (Fig. 6C) . Positive Nur77 staining was noted in both nucleus and cytosol with higher intensity in nucleus, but lack of clinical data prevented correlational studies.
Discussion
Chronic exposure to high levels of toxic hydrophobic BAs is a risk factor for colon and liver cancer. Our data showed that hydrophobic BAs induce DNA damage, inflammatory signaling, and cell death. To understand the underlying molecular mechanism by which BAs promote carcinogenesis, our novel data showed that BAs exert dual apoptotic and proliferative effects via Nur77. The dual roles of BA-regulated Nur77 are dependent on intracellular location. Short-term BA treatment induced nuclear Nur77, whereas longer treatment increased cytosolic Nur77 and cell death. The intracellular location of Nur77 regulated by BAs was time dependent rather than chemical dependent as proposed in previous studies (12, 25) . Extended exposure to BAs also resulted in clonal selection and generated BA-resistant cells that had increased nuclear Nur77 and exhibited enhanced proliferative and migratory features. These results demonstrate that cellular exposure to DCA and LCA at concentrations associated with a high-fat diet not only promotes genomic instability, but also selects cells with malignant characteristics.
The overexpression of Nur77 in GI cancer cell lines is clinically relevant because immunostaining data showed that Nur77 protein levels were elevated in striking percentages of human colon and liver tumors versus nontumor tissues. Regarding the intracellular location, the overexpressed Nur77 staining pattern differed between colon and liver tumors. Half (35 of 70 cases) of studied colon tumor specimens showed strong nuclear Nur77 staining, whereas liver tumor samples primarily displayed diffuse Nur77 staining in both the nucleus and cytosol. In addition, the presence of three distinct Nur77 staining patterns in colon tumor specimens suggests a complexity of Nur77 regulation in vivo. This complexity can be explained by the heterogeneous characteristic of the tumor cells at the molecular level. In addition, the role of cytosolic Nur77 in established tumor cells remains to be characterized and may not be solely limited to the promotion of apoptosis by converting Bcl-2 into a death molecule. Moreover, Figure 6 . Nur77 is overexpressed in human colon and liver cancer and its intracellular location correlates with serum total BA levels in patients with colon cancer. A, representative images of Nur77 immunostaining in paired human colon tumor and adjacent nontumor specimens (n ¼ 59). B, serum levels of total BA, TG, and TC in patients with colon cancer. Measurements were grouped as strong nuclear Nur77 staining (SN), diffuse Nur77 staining in both nuclear and cytosol (D), and strong cytosolic Nur77 or negative staining (SC and Neg) based on immunostaining. SC and Neg group included six of strong cytosol Nur77 staining samples and four of Nur77 negative staining samples.
Ã , P < 0.05 compared with SC and Neg group. Data sets were generated from available clinical data. C, representative images of Nur77 immunostaining in human liver tumor (n ¼ 37) and normal liver (n ¼ 7). Scale bar, 100 mm.
variations in etiology such as viral hepatitis for liver cancer and familial adenomatous polyposis for colon cancer might also explain this difference in Nur77 intracellular location. In our study, etiological assessment was not possible due to limited available clinical data. Furthermore, Nur77 can be regulated by a wide variety of stress stimuli and chemicals in addition to BAs (11) . Thus, case study does not allow us to establish a causal relationship between nuclear Nur77 overexpression and exposure to toxic BAs. Nevertheless, a marked 45% increase in serum TBA from normal fasting level was correlated with strong nuclear Nur77 staining in patients with colon cancer; a 30% increase in serum TBA was also found in patients with diffuse Nur77 staining in both the nucleus and cytosol. Intriguingly, neither serum TG nor TC showed significant correlation with Nur77 intracellular location, suggesting that disrupted BA homeostasis may play a larger role in Nur77-mediated GI carcinogenesis. These clinical findings support elevated BAs as a general feature of colon cancer; whether this correlation holds true for liver cancer remains to be determined. The knowledge gained from such studies would yield valuable insights into possible avenues to intercept the carcinogenic effects of dysregulated toxic BAs.
Because Nur77 and BAs have a dual role in regulating apoptosis and proliferation, a mechanistic investigation of a possible role of Nur77 in BA-enhanced GI carcinogenesis was necessary. Our data showed that exposure to toxic concentrations of LCA and DCA damaged DNA and upregulated Nur77, TNFa, NFkB, c-FOS, and c-JUN mRNA expression. Our finding of DCA-induced NF-kB upregulation in liver and colon cancer cell lines is consistent with those in human hepatocytes and colon epithelial cells (26) (27) (28) . It has been shown that the regulatory region of the Nur77 gene contains multiple highly conserved binding sites for AP1 (c-FOS/ c-JUN) and NF-kB and that NF-kB is the principal regulator for lipopolysaccharide to induce Nur77 in macrophages (29) . The induction of NFkB, c-FOS, and c-JUN genes by BAs in both colon and liver cells shown in the current study further implicates the importance of these transcription factors in controlling Nur77 expression. Thus, the possible mechanism by which BAs induces Nur77 may be through activation of AP1 and NF-kB.
Although previous studies have focused extensively on the apoptotic role of Nur77, few have considered the crucial role that Nur77 may play in carcinogenesis as a proliferative nuclear receptor. One study has implicated the involvement of Nur77 in DCA-stimulated proliferation of colon cancer cells, suggesting a link between Nur77 and BA-induced carcinogenesis (30) . However, little is known about how Nur77 modulates cell proliferation due to limited evidence supporting its survival and proliferative function. Currently, only three putative Nur77 target genes have been identified as cell fate regulators E2F1, BRE, and RNF7 (31, 32). The remaining four target genes, G6PC, FBP1, FBP2, and ENO3, are involved in regulating skeletal muscle glucose homeostasis (33) . In the present study, multiple survival genes CDK4, CCND2, RBBP8, STAT5A, and MAP4K5 were identified as direct Nur77 target genes following BA treatment. Surprisingly, a death gene BID could also be bound by Nur77 and was upregulated by prolonged BA exposure in Huh7 and HCT116 cells. As a positive control, BRE showed expected induction at the mRNA level and Nur77 binding enrichment according to qRT-PCR and ChIPqPCR results, respectively. Cdk4, Ccnd2, Bre, Rbbp8, Stat5a, Schematic representation for how BAs regulate apoptosis and survival in colon and liver cells. Exposure to hydrophobic BAs induces oxidative stress through ROS generation and further activates TNFa-mediated signaling. BA-induced TNFa activates AP1 (c-FOS/c-JUN) and NF-kB, which sequentially enhance Nur77 expression. Upregulated Nur77 enriches at the NBRE of prosurvival targets genes (CDK4, CCND2, BRE, RBBP8, MAP4K5, and STAT5A) to induce their expression, thereby promoting a Nur77-dependent survival pathway. Conversely, Nur77 also upregulates BID expression which likely contributes to BA-induced cell death. In addition, RXRa and RARb regulate Nur7 nuclear export by forming a complex with Nur77. Cytosolic Nur77 interacts with and converts Bcl2 into a death molecule, inducing apoptosis. These pathways are based on data generated in the present study and previously published data (12, 15, 25, 29, and 30) . Genes that showed induction in Huh7 but not in HCT116 cells are indicated in gray.
Map4k5, and Bid were firmly established as Nur77 target genes when their upregulation by BA was entirely abrogated in Nur77 KO MPH. The identification of these novel Nur77 target genes revealed for the first time that nuclear Nur77 can modulate both proliferative and apoptotic signaling pathways.
Despite significant progress in elucidating the locationdependent functions of Nur77, the mechanism by which Nur77 is targeted to the nucleus or cytosol remains unresolved. Nur77 posttranslational modification studies have shown that ERK1/2 phosphorylation promoted nuclear localization of Nur77, whereas Chk2 phosphorylation led to nuclear export (16, 32) . RXRa as well as RARb also regulate Nur77-dependent apoptotic pathways by forming a complex with Nur77 (15, 25) . Another study showed that Nur77 protein stability and transcriptional activity are modulated via acetylation by p300 and HDAC1 (34) . Furthermore, the differential binding of Nur77 to identified targets and susceptibility to apoptosis between Huh7 and HCT116 cells hint at tissue-specific regulation of Nur77 function by BAs. Inducible liver and intestine-specific Nur77 KO mouse models should provide answers about how BAinduced and Nur77-mediated effects on cell fate might diverge between various cell populations in the gut-liver axis. Given the additional complexity of Nur77 regulation in vivo, it would also be pertinent to uncover the Nur77 target genes in human colon and liver cancer tissue. Thus, a clear understanding of the potentially organ-specific mechanisms dictating Nur77 localization and function is needed.
In conclusion, exposure to elevated levels of hydrophobic BAs can induce oxidative stress through reactive oxygen species (ROS) generation and activation of inflammatory TNFa-mediated signaling. TNFa activates AP1 and NF-kB transcription factors, which subsequently enhance the transcription of Nur77. Increased levels of Nur77 permit its enrichment at the NBRE of its prosurvival targets genes CDK4, CCND2, BRE, RBBP8, STAT5A, and MAP4K5 to induce their expression and stimulate a Nur77-dependent survival pathway. However, after prolonged BA exposure, Nur77 also upregulates the expression of BID, which inhibits the antiapoptotic function of Bcl2. In addition, cytosolic Nur77 interacts with and converts Bcl2 to a death molecule, triggering cytochrome C release and apoptosis. This suggests that a balance between Nur77-modulated expression of prosurvival and proapoptotic genes plays an important role in BA-regulated cell turnover. Our proposed Nur77-dependent mechanism by which toxic BAs elicit cell death, survival, and ultimately carcinogenesis is summarized in Fig. 7 . Our data for the first time showed that LCA and DCA exert a dual role in modulating cell proliferation as well as apoptosis and both effects are mediated through Nur77. The subcellular localization of BA-induced Nur77 was time dependent rather than chemical dependent. CDK4, CCND2, RBBP8, MAP4K5, STAT5A, and BID were identified as direct Nur77 targets that carry out the time-dependent proliferative and apoptotic effects of DCA and LCA.
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